A sensitive and selective chemiluminescence method was developed to determine ethylenediaminetetraacetic acid (EDTA) in water samples. It was observed that gold nanoparticles (AuNPs) catalyzed chemiluminescence (CL) reactions of permanganate-aldehydes which underwent an enhancement effect in the presence of iron(III) ions (Fe 3+ ). This effect is more remarkable in the presence of EDTA, and a highly intensive CL emission is created in proportion to the EDTA concentration. These observations form the basis of the method for the high sensitive determination of EDTA in the 0.83 -167 nmol L -1 concentration range, with a detection limit of 0.25 nmol L -1 . The relative standard deviations for five repeated measurements of 5, 40 and 140 nmol L -1 EDTA were 1.14, 2.48 and 0.65%, respectively. The method has good selectivity toward EDTA, and there are no interferences from other ions. The offered method has good precision, and was satisfactorily used for the sensitive determination of EDTA in water samples.
Introduction
Ethylenediaminetetraacetic acid (EDTA), an influential chelating agent, is widely used in many fields, such as in medicine to treat lead poisoning, 1 in agriculture to enhance the delivery of metal micronutrients in plants, 2 in the detergents industry, to reduce water hardness, and in industry to produce pulp, paper, metal and textile. 3 EDTA is added to canned foods to prevent deteriorative changes, and to preserve color, odor and flavor. In soft drinks containing ascorbic acid and sodium benzoate, EDTA mitigates the formation of benzene (a carcinogen). 4 It is also added to pharmaceuticals to enhance the action of preservatives and antibacterials and to stabilize the action of antioxidants. 3, 5 These properties are due to its ability to chelate metal ions, which decrease their reactivity and prevent them to catalyze oxidation reactions, as well as to inactivate enzymes that require di-or trivalent cations for activity. 3 Disodium edetate is, moreover, used as an anticoagulant since, it can chelate calcium and prevent the coagulation of blood in vitro. 6 The 1998 WHO Guidelines proposed a provisional health-based guideline value of 0.6 mg L -1 (~1.5 μmol L -1 ) for EDTA. It was also noted that the ability of EDTA to complex, and therefore to reduce the availability of zinc, was of significance. 7 In environmental research, more attention has been attracted to the determination of EDTA in samples like sewage effluents and ground water, because of its excessive effluent and low biodegradability, which can lead to the extent of EDTA in the water environment. EDTA is non-toxic at micrograms per liter level, but it can remobilize toxic heavy metals in water from river sediments. 8, 9 Hence, EDTA is one of emerging pollutants, and its monitoring has become a task in environmental analysis. Chromatographic methods were extensively used, 3,4,10-14 but always included a time-consuming derivatization step.
Other methods reported for the determination of EDTA include spectrophotometry, [15] [16] [17] fluorometry, 6, 8, 18 mass spectrometry, 19 atomic-absorption spetrometry, 20 electrochemistry, 9, 21, 22 and capillary electrophoresis. 23, 24 Most of these methods are timeconsuming and expensive in terms of reagent consumption and the cost of instrumentation. In between, chemiluminescence (CL) methods that offer good analytical performance are relatively convenient, low cost in instrumentation, and are therefore adaptable for real-time analysis. CL analyses, light generation from chemical reactions, have been more applied to analytical aims due to their inherent sensitivity, simplicity, rapidity, relatively simple and inexpensive instrumentation. Potassium permanganate (KMnO4) is the most common oxidants, which has been applied to generate CL emission from various analytes with pharmaceutical, environmental, food and clinical applications. 25, 26 Recently, noble metal, especially gold and silver nanoparticles (NPs), have been exploited to improve and expand CL systems, because of their high catalyzing effect and unique physical and chemical properties. 27, 28 Our group had found that the KMnO4-HCHO reaction can lead to a weak CL emission, which can be catalyzed with Au and Ag nanoparticles. 29 Intense emission was obtained and applied for sensitive analytical aims. Here, the optimal conditions for the CL reaction of KMnO4-glutaraldehyde were achieved in the presence of gold nanoparticles (AuNPs), and it was found that the CL signal of this NPs-catalyzed reaction can be slightly enhanced in the presence of iron(III) ions. This enhancement is more remarkable in the presence of EDTA, and a highly intensive CL emission is created in proportion to the EDTA concentration. This effect was exploited to the selective and precise determination of EDTA in environmental water samples.
Experimental

Materials and apparatus
All used materials were of analytical grade, and were obtained from Merck (Darmstadt, Germany; www.merck-chemicals. com). They were used without further purification. Chloroauric acid (HAuCl4) was purchased from Alfa Aesar (Karlsruhe, Germany; www.alfa.com). A stock standard solution of 1 mmol L -1 disodium ethylenediaminetetraacetic acid was prepared by dissolving an appropriate amount of Titriplex (III) powder (Merck) in deionized water. Doubly distilled deionized water (obtained from Kasra Co., Tabriz, Iran) was used throughout.
The CL spectra and intensities were measured on a Shimadzu RF-5301 PC spectrofluorimeter with the excitation light source being turned off. Ultraviolet-visible (UV-vis) spectra were recorded on a UV-Vis UV-1800 Spectrophotometer (Shimadzu). The size and shape of NPs were characterized with transmission electron microscopy (TEM, Leo 906, Zeiss, Germany).
Preparation of Au nanoparticles
Synthesis of Au nanoparticles (22 nm) were performed according to our previous work. 30 100 mL of a HAuCl4 (2.5 × 10 -4 mol L -1
) solution was heated to boiling. While stirring vigorously, 5 mL of a 1% sodium citrate solution was added rapidly. The solution was maintained at boiling point until a color change to red was evident. The heating source was then removed, and the solution was continuously stirred for another 2 min. The resulting NPs were characterized by TEM and statistical analysis revealed that the average diameter of the AuNPs was about 22 ± 1.8 nm. The concentrations of these NPs were calculated to be 9.45 × 10 -10 mol L -1 using the extinction coefficients. 31 
General procedure for chemiluminescence detection
Chemiluminescence measurements were performed in a ) and 500 μL of synthesized AuNPs solution were added into the cell. Then, an appropriate volume of the sample or standard EDTA solution was added, and the final volume reached to 2.7 mL with deionized water. After that, 300 μL of KMnO4 (0.004 mol L -1 ) was injected and the CL signal was monitored versus time automatically. The maximum CL intensity was used as an analytical signal.
Results and Discussion
Chemiluminescence reaction of potassium permanganatealdehydes in the presence of Au nanoparticles
Potassium permanganate in the acidic condition is one of most applied oxidizing regents to produce CL emission. In many cases, low molecular weight (LMW) aldehydes have been used as a sensitizer or reducer agent. 25, 26 In previous work, we indicated that the CL emission of the KMnO4-formaldehyde reaction (in SDS micellar medium) is greatly increased in the presence of Ag and AuNPs. 29 Here, we found that Glu can produce greater emission when oxidized by KMnO4; This emission undergos enhancement in the presence of AuNPs (Fig. 1a) . Figure 1b shows UV-vis absorption spectra and a TEM image of the synthesized AuNPs, which confirms their proper synthesis. Also, slight enhancement effects were found (Table 1) for precursor solutions used for the preparation of AuNPs, showing that the observed catalytic effect is due to the applied nanoparticles.
Kinetic curves of the CL reaction in both the absence and presence of AuNPs (Fig. S1, Supporting Information) showed that the CL intensity reached the maximum value in 5 and 1 s after the injection of a permanganate solution, respectively. This denotes the catalytic effect of NPs with increasing effect on the reaction rate.
Researchers have related red CL emission from permanganate reactions to the relaxation of the Mn(II) 4 T1 excited state to the 6 A1 ground state. 25, 26 They proved the mechanism of CL generation by KMnO4 as below: the oxidation of a substrate by Mn(VII) generates Mn(III), which then produces the Mn(II)* excited state (emission at about 700 nm). In our previous work, we demonstrated this mechanism for an acidic permanganateformaldehyde system, 29 which would probably be true for the KMnO4-Glu reaction, too. The CL emission spectra for the Glu-KMnO4-AuNPs system (Fig. 2) shows the characteristic red emission (λem = 709 nm) of permanganate CL, indicating that the emitting species in this condition are the same, and are related to the Mn(II)* species. On the other hand, the UV-vis spectra of a permanganate solution in the presence of AuNPs showed that the rate of AuNPs oxidation by KMnO4 is so low that it could be responsible for the enhancement of CL emission (Fig. S2, Supporting Information) . This observation demonstrates that NPs do not participate directly in the CL reaction and may facilitate the oxidative cleavage of permanganate ester and accelerate Mn(III) generation, leading to a higher CL intensity. 29 Furthermore, in this study, it was found that the addition of iron(III) ions (Fe 3+ ) increases the emission intensity of the presented system (Fig. S3, Supporting Information) . This increasing effect was more intensified in the presence of low amounts of EDTA. These effects were not clearly understood, but it may be related to catalyzing effect of Fe 3+ and its complex with EDTA. This is because, the same effects were observed for the mentioned CL system without AuNPs (Fig. S3) . Further, Fe 3+ and EDTA do not affect the AuNPs absorption spectra. In any case, this phenomenon was exploited to develop a sensitive method for the determination of EDTA.
Optimization of the reaction conditions
In order to achieve the best sensitivity, the parameters influencing the CL emission of the KMnO4-Glu-AuNPs system were investigated in order to establish the optimal conditions for the CL reaction.
The effect of the concentration of the SDS surfactant on the CL system was studied. As can be seen in Fig. 3a , the maximum CL intensity was obtained in 0.003 mol L -1 SDS concentration, which is near to its CMC value (2.90 × 10 -3 mol L -1 in this condition as obtained by conductometric measurements 32 ). To study the kind and concentration of acid, several acids (including HCl, H2SO4, HNO3 and H3PO4) were applied. The best CL response was obtained for 0.1 mol L -1 H2SO4 (Fig. 3b) . More concentrations may demolish NPs, leading to a decrease in the CL response.
The effect of the Glu concentration was also investigated. As can be seen in Fig. 3c , the optimal CL intensity was obtained for 0.8% (v/v) Glu; high concentrations may increase the amount of produced Mn(III), and thus the concentration of Mn(II)*, which substantially enhanced the CL intensity. However, in greater than 0.8% (v/v) Glu does not affect the CL emission, remarkably. Also, the effect of the concentration of AuNPs was examined by the addition of different amounts of prepared AuNPs stock solution to the reaction medium. Figure 3d shows a result that reveals the maximum sensitivity obtained when 500 μL of NPs solution was used. Finally, the effect of the permanganate concentration was investigated over the range of 4.0 × 10 -5 to 6.5 × 10 -4 mol L , and then remained constant of higher concentrations.
Analytical figures of merit
The addition of low amounts of iron(III) ions (Fe 3+ ) to the KMnO4-Glu-AuNPs CL system increases the CL intensity in proportion to the Fe 3+ concentration. This increase is linear in the concentration range of 0.1 -100 μmol L -1 of Fe 3+ with a detection limit of 0.36 μmol L -1 (Fig. S4 , Supporting Information). For more than 200 μmol L -1 , the CL intensity reached an almost constant amount (Fig. 4a) . On the other hand, the presence of EDTA simultaneously with Fe 3+ led to a significant intensifying of the CL intensity. Increasing of the CL intensity was observed up to about 180 μmol L -1 Fe
3+
, and then remained constant (Fig. 4b) . The greater Fe 3+ concentrations do not influence the CL emission. We selected 200 μmol L -1 Fe 3+ for our experiments. In this state, the presence of Fe 3+ in real samples does not affect the results. Furthermore, under this condition, the best detection limit and linear dynamic range were obtained. Under the selected optimum conditions, the CL emission intensity was linear in the range of 0.83 -167 nmol L -1 EDTA with a detection limit (3s) of 0.25 nmol L -1 (Fig. S5 , Supporting Information). The equation for the regression line was ΔI = 7.20C -0.486 (R 2 = 0.9995), where ΔI = I0 -I is the difference between the CL intensity in the absence (I0) and presence of EDTA (I), and C is concentration of EDTA in nmol L -1 (inset of Fig. S5 , Supporting Information). The relative standard deviation (RSD) was calculated to be 1.14, 2.48, and 0.65% for five determinations of 5, 40 and 140 nmol L -1 EDTA, respectively. The results demonstrate that this CL system has good precision, relatively high sensitivity and a wide linear range.
Study of interferences
In order to test the interference effect of some potentially interfering substances, increasing amounts of these species were added into a standard solution of 50 nmol L -1 EDTA. The tolerable concentration ratios for interferences in a relative error of <5% were over 3000 for Na triamine pentaacetic acid), NTA (Nitrilotriacetic acid); and 40 for DCTA (Diamino-1,2-cyclohexane tetraacetic acid). As regards, the amounts of the most potentially interfering species, in water samples, were below their tolerable levels, so there would be no interferences from these species in the EDTA determination. In addition, Fig. S6 (Supporting Information) show the response of our CL system to different ions. As can be seen, the method was selective for EDTA. only, fluoride anion interference can hurt the determination, which can be improved in the presence of Al
3+
.
Analysis of real samples
The considered method was easily applied to the determination of EDTA in environmental water samples. In order to validate the method, known quantities of EDTA were added into the real samples, before the pretreatment step. The samples were the analyzed according the general procedure described in Experimental by the standard addition technique. The obtained results are given in Table 2 . A statistical analysis of these results using Student' t-test showed that there are no significant differences between the added and found values.
Conclusions
The KMnO4-aldehydes CL reaction catalyzed by AuNPs was used for the sensitive determination of EDTA on the basis of its enhancing effect in the presence of Fe 3+ on the CL signal. The parameters influencing the method response were optimized so as to obtain high sensitivity. Also, an investigation of the interference effects of cations and anions showed that the method has good selectivity to EDTA. The method also has good linearity, high sensitivity and appropriate precision, and is suitable for the determination of EDTA in environmental samples. a. Mean of three determinations ± standard deviation, b. t-critical = 3.18 for n = 3 and P = 0.05. 
